Introduction
============

Breast cancer is a serious disease that threatens the health of individuals and is the most common malignant tumor in females. It is a major disease affecting females in particular, and its incidence is increasing annually ([@b1-ol-05-03-1005]--[@b3-ol-05-03-1005]). The key therapeutic approach for most breast cancer patients is to find an effective antitumor drug to assist surgical treatment.

Embelin is a small molecular inhibitor extracted from *Myrsinaceae* plants. It is a polyphenolic compound that inhibits XIAP by binding to the Smac binding site in the BIR3 domain of XIAP protein molecules ([@b4-ol-05-03-1005]--[@b6-ol-05-03-1005]). Previous studies have demonstrated that embelin has anti-inflammatory and anti-oxidative biological effects ([@b7-ol-05-03-1005]--[@b10-ol-05-03-1005]). It has been demonstrated that embelin has an extensive antitumor role and is able to restrain the growth of various tumor cells, including those of breast, colon, prostate and pancreatic cancer ([@b11-ol-05-03-1005]--[@b14-ol-05-03-1005]). However, the detailed mechanism of the antitumor activity of embelin remains unknown.

This study was designed to investigate the effect of embelin on cell apoptosis and the cell cycle of MCF-7 breast cancer cells *in vitro*, and to explore the embelin-induced cell apoptosis signaling pathway in MCF-7 cells. We have demonstrated that by regulating the Bax and Bcl-2 proteins, embelin induces the release of cytochrome C and activates the caspase family to induce the apoptosis of breast cancer cells.

Materials and methods
=====================

Cell culture
------------

MCF-7 breast cancer cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Following cell passage, cells were inoculated in RPMI-1640 culture medium (Gibco-BRL, Grand Island, NY, USA) containing 10% fetal calf serum (Hyclone Laboratories, Inc., Logan, UT, USA), 100 U/ml penicillin and 100 U/ml streptomycin. The cells were then cultured in an incubator containing 5% CO~2~ and 95% O~2~, at 37°C.

Cell viability
--------------

MCF-7 cells in the logarithmic growth phase were collected and cultured in 96-well culture plates inoculated at a density of 1×10^5^ cells/ml for 24 h. When the cells had grown to adherence, different doses of embelin were administered to various groups with 8 duplicate wells for each concentration. A negative control group without embelin was also created. All cells were incubated in 5% CO~2~ for further culture for 24, 48 and 72 h prior to the color reaction. Subsequently, MTT (5 mg/ml; 20 *μ*l) was added to each well, and cells were cultured in CO~2~ at 37°C in an incubator for 4 h. The culture solution was then diposed of. DMSO (150 *μ*l) was added to each well for room temperature oscillation for 10 min, and the optical density (OD) values (*A*~570nm~) of each well were measured with a microplate reader (Bio-Rad; Hercules, CA, USA)

Analysis of apoptosis via flow cytometry
----------------------------------------

A 0.25% trypsin digest was used to collect MCF-7 cells of all groups, and the cell density was adjusted to 1×10^6^ cells/ml. Annexin V-FITC (5 *μ*l) and 5 ml of propidium iodide (PI) were added for 30 min at 4°C to avoid light dyeing, prior to the flow cytometry analysis.

Analysis of cell cycle by flow cytometry
----------------------------------------

MCF-7 cells of all groups were digested and collected using 0.25% trypsin, and then washed with PBS solution. Cells were fixed at 4°C with 75% cold ethanol overnight and washed with PBS solution. The cell density was adjusted to 1×10^6^ cells/ml and the final volume was 100 *μ*l. DNAStain comprehensive dye liquor (500 ml; Sigma, St. Louis, MO, USA) was added for storage at room temperature in a dark place for 30 min prior to testing with flow cytometry. The DNAStain contained RNase, PI and Triton X-100 at end concentrations of 50mg/l, 100 mg/l and 1 ml/l, respectively.

Flow cytometric analysis of mitochondrial membrane potential
------------------------------------------------------------

The cell density was adjusted to 1×10^6^ cells/ml and JC-1 dye with an end concentration of 10 mg/ml was added. This was then mixed and cultured for 30 min at 37°C in the dark. Analysis with flow cytometry followed. FL1-H indicated a green fluorescence intensity and FL2-H was a red fluorescence intensity. Quantitative analysis was conducted using the CellQuest analysis software.

Western blot analysis
---------------------

MCF-7 cells of all groups were collected using a trypsin digest and 2 ml of lysis solution (50 mM Tris-HCl, 137 mM NaCl, 10% glycerin, 100 mM sodium vanadate, 1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1% NP-40 and 5 mM cocktail; pH 7.4) was added for cell lysis to obtain the proteins. Following the BCA assay, proteins were loaded onto a gel and separated by SDS-PAGE. The proteins were then transferred to a PVDF membrane using a semi-dry method and sealed with 5% skimmed mild powder at 4°C overnight. The membrane was washed with Tris-buffered saline Tween-20 (TBST) and the first antibody was added at 37°C for hybridization for 1 h, prior to bleaching with TBST. The second antibody was then added at 37°C for hybridization for 1 h prior to bleaching with TBST and a color reaction for 5 min with autoradiography. Quantity One software was used for OD value analysis and measurements.

Statistical analysis
--------------------

The SPSS software, version 16.0 was used for assessing dependence and for variance analysis. Values are presented as mean ± standard deviation. P\<0.05 was considered to indicate a statistically significant difference between groups.

Results
=======

Embelin induces inhibition of MCF-7 breast cancer cell growth
-------------------------------------------------------------

Different concentrations of embelin (0, 20, 40, 80 and 160 *μ*g/ml) were added to MCF-7 breast cancer cells for 24, 48 and 72 h. The MTT method was then employed to determine the cell activity ([Fig. 1](#f1-ol-05-03-1005){ref-type="fig"}). The results demonstrated that A~570~ values of breast cancer MCF-7 cells gradually decreased when the concentration of embelin was increased, and the A~570~ value decreased most when the concentration of embelin was 80 *μ*g/ml. This indicates that embelin has an inhibitory effect on the growth of MCF-7 breast cancer cells.

Embelin induces apoptosis of MCF-7 breast cancer cells
------------------------------------------------------

MCF-7 breast cancer cells were treated with different concentrations of embelin for 48 h and flow cytometry was used to investigate the effect on the rate of apoptosis ([Fig. 2](#f2-ol-05-03-1005){ref-type="fig"}). Our results demonstrated that, with an increase in the concentration of embelin, the rate of MCF-7 breast cancer cell apoptosis significantly increased in a dose-dependent manner.

Embelin induces apoptosis of MCF-7 breast cancer cells via the mitochondrial pathway
------------------------------------------------------------------------------------

JC-1 coloration was used to examine the changes in the mitochondrial membrane potential. The results demonstrated a gradual decrease in the mitochondrial membrane potential along with an increase in the concentration of embelin. Additionally, the change in the mitochondrial membrane potential was observed prior to apoptosis ([Fig. 3A](#f3-ol-05-03-1005){ref-type="fig"}). Western blot analysis was employed to examine the levels of Bax, Bcl-2 and cytochrome C inside the cytoplasm. It was revelaed that when the concentration of embelin was increased, the level of Bax protein gradually decreased, while the level of cytochrome C increased ([Fig. 3B and C](#f3-ol-05-03-1005){ref-type="fig"}). Furthermore, the level of Bcl-2 protein was observed to increase when the concentration of embelin was increased. Our data demonstrated that embelin is able to change the mitochondrial membrane potential to promote a change in the levels of Bax and Bcl-2 as well as the release of cytochrome C, which results in the apoptosis of MCF-7 breast cancer cells.

Effect of embelin on the expression levels of apoptosis-related proteins in MCF-7 breast cancer cells
-----------------------------------------------------------------------------------------------------

In order to study the effect of embelin on the expression levels of MCF-7 breast cancer cell apoptosis-related proteins, different concentrations of embelin were administered to MCF-7 cells for 48 h, and western blot analysis was conducted to investigate the expression levels of procaspase-3, -8 and -9 proteins ([Fig. 4](#f4-ol-05-03-1005){ref-type="fig"}). It was found that following treatment with different concentrations of embelin, the expression levels of MCF-7 breast cancer cell procaspase-3 and -9 proteins signficantly decreased, while no significant differences were observed in the expression level of procaspase-8 protein. Our data demonstrated that embelin-induced MCF-7 apoptosis may occurr through the mitochondria-mediated caspase-3 and -9 pathways.

Embelin-induces MCF-7 breast cancer cell cycle blockade in G2/M phase
---------------------------------------------------------------------

Flow cytometry was conducted to investigate whether embelin affected the cell cycle of MCF-7 breast cells. The results revealed that 48 h following the addition of different concentrations of embelin to MCF-7 cells, a cell cycle blockade was observed in the G2/M phase compared with the control group ([Fig. 5](#f5-ol-05-03-1005){ref-type="fig"}). This suggests that embelin is able to increase the percentage of MCF-7 cells in the G2/M phase to decrease the proliferation of breast cancer cells.

Discussion
==========

Kerr *et al*([@b15-ol-05-03-1005]) first proposed the concept of apoptosis. Apoptosis is ubiquitous in the majority of tumor cells, and is important in the genesis and progression of tumors ([@b16-ol-05-03-1005]). Previous studies have demonstrated that antitumor drugs typically inhibit tumors by inducing apoptosis of sensitive tumor cells. Therefore, the intervention in apoptosis to treat tumors has become a new target in the search for antitumor drugs and a new development direction in present tumor pharmacology.

Breast cancer is a potentially life-threatening malignant tumor; it is important to study the disease to find effective anti-tumor drugs. Antitumor drugs that originate from plants have benefits including an extensive variety, low toxicity and few side-effects and adverse reactions. Therefore, highly effective antitumor drugs from plants are being explored. Embelin is a small molecular inhibitor with specific inhibition of XIAP that affects the proliferation and apoptosis of various tumor cells. Certain studies have demonstrated that embelin inhibits the proliferation of various tumor cells; significant effects have been observed in breast cancer and other solid tumor cells ([@b17-ol-05-03-1005]). The results of the present study are concordant with these findings. We demonstrated that when breast cancer cells had been treated with different concentrations of embelin for 48 h, the rate of cell apoptosis increased in a dose-dependent manner, indicating that embelin is able to induce breast cancer cell apoptosis as opposed to directly causing cell death. Moreover, embelin has the potent effect of restraining the cell cycle transition of breast cancer cells to blockade the cell cycle in G2/M phase, therefore altering the progression of the cell cycle to induce apoptosis.

There are various signaling pathways of apoptosis within an organism, of which the mitochondrial pathway is one of the most important. Bcl-2 family proteins are key regulatory factors of the mitochondrial pathway ([@b18-ol-05-03-1005]--[@b20-ol-05-03-1005]). We demonstrated that that when breast cancer cells had been treated with different doses of embelin for 48 h, Bax and Bcl-2 migrated, the mitochondrial membrane potential increase expression of Bax, while Bcl-2 expression decreased and cytochrome C was released. These results indicated that the induction of breast cancer cell apoptosis by embelin was closely associated with the mitochondrial pathway. As demonstrated in previous studies, with the stimulation of pro-apoptosis factors, the Bax protein migrated from the cytoplasm to the outer mitochondrial membrane, changing the permeability of the outer mitochondrial membrane to promote the mitochondrial release of cytochrome C ([@b21-ol-05-03-1005]). Moreover, Bcl-2 protein is able to stabilize the mitochondrial permeability transition pore (mPTP) and maintain the normal functioning of the pore. In the present study, we demonstrated that with embelin treatment, the Bcl-2 protein level inside the cytoplasm gradually decreased while the release of cytochrome C increased in a stepwise manner. This indicates that embelin induces the activity of Bcl-2, causing the mPTP to open irreversibly, which further changes the permeability of the mitochondrial membrane and promotes the release of cytochrome C. The combination of these factors results in apoptosis.

The caspase family activates apoptosis-related protease when apoptosis occurs ([@b22-ol-05-03-1005],[@b23-ol-05-03-1005]), and a series of subsequent biological effects occur in turn. Therefore, activation of the caspase family is important in the process of apoptosis. We analyzed the changes in procaspase-3, -8 and -9 proteins following treatment of breast cancer cells with embelin. A significant decrease in procaspase-3 and -9 expression was observed when breast cancer apoptosis occured, but no changes in the level of procaspase 8 expression were identified. The effect of releasing cytochrome C from the mitochondria to activate caspase-3 and -9 is an important step of the apoptotic pathway ([@b24-ol-05-03-1005],[@b25-ol-05-03-1005]). These results suggest that embelin-induced apoptosis of breast cancer cells is realized via the endogenous mitochondrial pathway as opposed to via the exogenous death receptor pathway.

In summary, our study has demonstrated that embelin releases cytochrome C and activates the caspase family to result in the induction of breast cancer apoptosis through regulation of the action of the Bcl-2/Bax family in the mitochondrial pathway. Embelin may offer important contributions for the development of a novel drug to prevent and cure breast cancer in the future.

![Embelin-induced inhibition of MCF-7 breast cancer cell growth. Cell viability was examined with the MTT method following the addition of different concentrations of embelin (0, 20, 40, 80 and 160 *μ*g/ml) to MCF-7 cells for 24, 48 and 72 h. The results are representative of eight independent experiments. OD, optical density.](OL-05-03-1005-g00){#f1-ol-05-03-1005}

![Embelin induced MCF-7 breast cancer cell apoptosis. (A) Annexin V/propidium iodide (PI) dye was used to determine the rate of apoptosis following treatment of MCF-7 cells with different concentrations of embelin (0, 40 and 80 *μ*g/ml) for 48 h. (B) The histogram shows the apopotosis rate (%) of MCF-7 cells. ^\*^P\<0.05 vs. control. The data are representative of three independent experiments.](OL-05-03-1005-g01){#f2-ol-05-03-1005}

![Embelin induced MCF-7 breast cancer cell apoptosis via the mitochondrial pathway, following treatment of MCF-7 cells with different concentrations of embelin (0, 40 and 80 *μ*g/ml) for 48 h. (A) JC-1 dye flow cytometry was used to analyze the change in the mitochondrial membrane potential. (B) Western blot analysis was used to determine the expression levels of Bax, Bcl-2 and cytochrome C proteins inside the cytoplasm. (C) The western blot analysis results were further analyzed using Gel-Pro Analyzer 4.0 software. ^\*^P\<0.05 vs. control. Results are representative of three independent experiments.](OL-05-03-1005-g02){#f3-ol-05-03-1005}

![Effect of embelin on the expression levels of MCF-7 breast cancer cell apoptosis-related proteins, including procaspase-3, -8 and -9, 48 h following the treatment of MCF-7 breast cancer cells with different concentrations of embelin (0, 40 and 80 *μ*g/ml). (A) Western blot analysis was used to analyze the expression of procaspase-3, -8 and -9 proteins. (B) The western blot analysis results were further analyzed using Gel-Pro Analyzer 4.0 software. ^\*^P\<0.05 vs. control. Results are representative of three independent experiments.](OL-05-03-1005-g03){#f4-ol-05-03-1005}

![Effect of embelin on the cell cycle of MCF-7 breast cancer cells, following treatment of the cells with different concentrations of embelin (0, 40 and 80 *μ*g/ml) for 48 h. (A) Flow cytometry was used to analyze the cell cycle. (B) The histogram shows the percentage of cells in G2/M phase of the cell cycle. ^\*^P\<0.05 vs. control. The data are representative of three independent experiments.](OL-05-03-1005-g04){#f5-ol-05-03-1005}
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